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THE APPLICATION OF SHUNT CAPACITORS 
5 aad TO THE RURAL ELECTRIC SYSTEM 





"N'TTED STATES 
OF A” 


Usually, as a rural power distribution 
system matures, the system power 
factor declines; this results in in- 
creased energy losses, lower voltages 
at consumers' premises, poorer per- 
formance of energy utilization equip- 
ment and a greater cost per unit of 
energy delivered, 


Shunt capacitors offer a means of 
improving the above conditions by 
reducing the reactive kilovar load car- 
ried by lines, transformers and 
generators, 


Care must be used in choosing size 
and location of each individual 
capacitor installation in order to 
obtain the maximum benefits, 


Capacitor installations may impose 
problems of increased inductive in- 
terference on nearby communication 
lines, However, corrective measures 
will usually eliminate such problems, 
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THE APPLICATION OF SHUNT CAPACITORS 
TO THE RURAL ELECTRIC SYSTEM 


I, INTRODUCTION 


A, GENERAL B, LOAD COMPONENTS 
The expansion of systems for farm elec- The total power delivered by a distribu- 
trification and the growth of motor and tion line to the load consists of two parts, 
other inductive loads for home and farm as shown in figure 1, Figure 2 analo- 
uses is being accompaniedby a downward gously illustrates the relation between 
trend in system power factors, Power kilovolt-amperes, kilowatts, kilovars 
factor penalty clauses in wholesale and power factor, The real component, 
power contracts which caused no particu- kilowatts (kw), does the work and the 
lar concern in the early operating period inductive component, lagging kilovars 
of a rural system assume increased (kvar), is supplied to motors to magne- 
importance as the system reaches ma- tize the fields and to transformers to 
turity. This downward trend in power magnetize the cores, This reactive 


factors leads to power factor penalties 

in wholesale power contracts as well as 

increased system losses and voltage C5 TURES TS 
regulation problems, The shortage of 

capacity both in system and supply makes 

it necessary to explore possibilities for 100 KW 
increasing their load _ capabilities, 

Approximately 17,000,000 kilovars of 

shunt capacitors, aS a means of power 

factor correction, are now installed on 

power systems and in industrial plants, 


90 KW 





UNITY POWER FACTOR 0.90 POWER FACTOR 


At the present time, there is more need 
for power factor correction on 7, 2/12,5- 
kv systems than on 14,4/24, 9-kv systems, 
For this reason this manualis concerned 
chiefly with 7,2/12.5-kv wye-connected 
systems, However, the use of capacitors 
for 14,4/24,9-kv systems may bear con- 
sideration, 


REAL POWER (KW) 





POWER FACTOR ANGLE 


(THETA) REACTIVE 





POWER 0.80 POWER FACTOR 0.70 POWER FACTOR 
(KVAR) 
Figure 2, 100-kva loads at various 
power factors. At a given kilovolt- 
ampere load, with changing power 
Figure 1, Lagging kilovars often form factor, the reactive power increases 
an appreciable component of the system more rapidly than the power factor 
load. decreases, 


component performs none of the useful 
work, but must be furnished to these 
loads, The total power delivered to the 
load then consists of a real and a 
reactive component, and this total is 
measured in kilovolt-amperes, abbre- 
viated as kva, The ratio of kw to kva is 
called the power factor, The reactive 
part of this total kva, while it performs 
no useful work, must be supplied by the 
generator atthe power plant, transformed 
and transmitted, transformed again and 
delivered to the load which requires it, 
Therefore, the reactive part of the total 
kva delivered must travel through the 
entire system to be delivered to the load. 
If it can be canceled by a capacitive load 
placed at the load center of an aggrega- 
tion of loads requiring inductive power, 
the system will be relieved of much of 
this burden, A capacitor may be thought 
of as akilovar generator which supplies 
leading reactive power .to the system, 
The resulting decrease in kva supplied 
by the generator at the power plant brings 
about lower losses in the system and 
better voltage at the load due to the re- 
sulting lower line currents, In many 
cases the system can then deliver more 
useful power with the same investment 
in equipment, This provides better 
utilization of equipment investment and 
an increase in the revenue capabilities 
of the system, 


C. POWER FACTOR 


An analysis of power factor trends on 
several typical rural systems shows a 
steady decrease in average power factors 
as measured for billing demand purposes, 
This trend is almost directly proportion- 
al to the rising trend in kilowatt-hours 
used by the system, and can be attributed 
largely tothe increase in the motor loads 
onthe system as consumers install labor 


saving equipment for farmstead and 
household uses, Further analysis of the 
power factors on these systems indicates 
that the lower power factor can be at- 
tributed largely to automatic types of 
motor-driven devices which operate 
intermittently over a 24-hour period, 
such as refrigerators, home food freez- 
ers and water pumps, The load distri- 
bution of these devices is comparatively 
uniform over the daily load curve; con- 
sequently the load factor of the reactive 
component is very much higher than the 
load factor of the real component, since 
the real component does fluctuate widely 
over a 24-hour period, Figure 3 illus- 
trates typical kilowatt and kilovar load 
curves, The kilowatt load factor on 
rural systems often averages 0.40, the 
kilovar load factor 0,70. A fairly con- 


Stant kvar load factor simplifies the 


problem of power factor correction. If 
the power factor of such a system is 
corrected to unity at light load, it will be 
nearer unity at peak load. 


1,000 
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Figure 3. Sample load curves, The 
kilovar load factor is inherently higher 
than the kilowatt load factor on the 
typical rural distribution system, 


II DISCUSSION 


A, SIZE LIMIT 


Surveys of annual load curves for several 
rural power systems show peak load 
power factors from 0,90 to 0,95 and 
minimum load power factors of 0,70; 
under the latter condition the kilowatt 
and kilovar loads are equal, Permanent- 
ly connected, or unswitched capacitors 
may be installed on the system in 
amounts equaling the minimum kilowatt 
demand without causing leading power 
factors under light-load conditions, The 
ratio of minimum to peak annual kilowatt 
demand should be used as a guide in 
Selecting the total capacitor kilovars to 
be installed, This ratio is often 0,20; 
in such a case, the capacitor kilovars 
required would amount to one-fifth the 
peak load kilowatt reading on the line 
under consideration, 


B, LOCATION 


Generally the distribution of consumers 
on a rural system is such that, as the 
distance from the substation increases, 
the number of consumers per main line- 
mile of feeder increases, A permanently 
connected capacitor in such a primary 
circuit should be located at a distance 
from the substation of from one-half to 
two-thirds of the total length of the line, 
in order to obtain maximum benefits in 
voltage improvement and reduction of 
loss, 


Whenmore than one capacitor is required 
the capacitors should be divided between 
phases in proportion tothe total connected 
distributiontransformer capacity on each 
phase, as determined from the system 
load map, In general, all capacitors to 
be installed should be balanced on 
Single-phase extensions of the main 


three-phase line, and connected line-to- ° 


neutral so that the correction appears in 
the substation as if it were a balanced 
Y-connected bank of capacitors, This 


balance must be maintained to avoid 
certain harmonic currents which would 
otherwise be produced in the neutral and 
may increase coordination problems with 
telephone circuits near the three-phase 
line, 


i 
Each phase should be treated separately 


as a system in itself, but the size of the 
total permanently connected capacitor 
installation for the three phases should 
not exceed the limits previously given, 
The total distance from the substation 
to each capacitor location should be used 
in computing the voltage rise due to the 
capacitor, 


The foregoing discussion on capacitor 
location applies only in the case of a 
distributed load, Individual loads with a 
large reactive component may be cor- 
rected by the consumer at the load, 
Penalties for low power factor in such 
cases provide an incentive for consumers 
toinstall capacitors where needed, These 
capacitors are installed in the secondary 
circuit and result in a _ practically 
equivalent resistive load with no adverse 
effect on the system power factor, 


Low-voltage capacitors may be connected 
directly across the load and switched by 
the same devices which control the load, 
They .compare favorably in price with 
primary capacitors in the sizes required 
for the relatively small motor loads on 
rural systems, Secondary capacitors 
compare even more favorably where 
primary switching would otherwise be 
required, with the attendant high instal- 
lation costs for primary capacitors, 
Load power factor correction in the case 
of induction motors is discussed in 
the Appendix, 


Installation drawingsfor shunt capacitors 
on single-phase, V-phase and three- 
phase lines are shown respectively on 
figures 4, 5 and 6, Care is necessary 
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in the installation of shunt capacitors on 
a V-phase feeder, in order to assure 
balanced voltages, Balanced voltages 
are obtained by the use of unequal amounts 
of capacitor kilovars on the two phases, 1 


C, SWITCHED CAPACITORS 


The following brief information on 
switched capacitors®% is presented herein 
without a detailed description or cost 
data, for those who are familiar with 
permanently connected capacitors and 
are interestedin attaininga higher power 
factor at heavy system loads, Generally 
the kilovars required to obtain this higher 
power factor are greater than the mini- 
mum kilowatt load on the system and, if 
permanently connected, would create a 
leading power factor at light load, In 
order to prevent this condition, it would 
be necessary to provide a means of 
Switching the capacitors out of the cir- 
cuit under light-load conditions, Switch- 
ing under such conditions may have the 
following advantages; 


1, Prevent overvoltage. 


2, Reduce line current and resulting line 
losses, 


3. Keep kilovolt-ampere demand low in 
proportion to kilowatt loading. 


4. Keep power factor within desired 
limits, 


5. Reduce substation transformer losses, 


Choice of manualor automatic switching3 
depends upon the benefits expected, the 
size of the capacitor bank, the amount of 
variation of kilowatt and kilovar load 
over a typical load period and fluctuation 
of voltage with load. Manual switching 
requires an attendant to make the neces- 
sary observations of voltage, power 
factor and kilovar demand; therefore 
automatic switching would almost always 
be chosen, in preference to manual 
switching, 


When automatic switching is chosen, the 
equipment required in addition to the 
capacitors and protective equipment 
includes the switching device and the 
control equipment, 


The control equipment for automatic 
Switching consists of a master element, 
a time delay device, and auxiliary de- 
vices such as an auto-manual switch and 
a close-trip switch, The master element 
is chosen to suit the conditions of the 
system on which it is to be used and may 
be actuated by voltage, current, kilovar, 
power factor or timing. In brief, the 
function of each of these types of master 
elements is as follows: 


1, Voltage -- where objectionable vol- 
tage changes occur with varying loads, 
One type is essentially a contact- 
making voltmeter with range of ad- 
justment from 90 to 110 percent, and 
a band width adjustable from three 
to seven and one-half percent, 
Another type incorporates a resistor 
inserted in series with a voltage 
regulating relay, which causes the 
relay to sense a lower voltage during 
high-load periods, 


2, Current -- in response to changes in 
load current by means of a current 
sensitive relay, This means may be 
used on systems where the voltage is 
well regulated and the power factor of 
the load remains substantially con- 
stant with variation in kilowatt load- 
ing, or if the power factor of the 
circuit variesin a predictable manner 
with variation in kilowatt loading, 
The standard range of adjustment is 
25 to 100 percent of the coil rating 
(5 amperes), 


3, Kilovar -- used when load voltage is 
regulated and load power factor varies 
in an unpredictable manner with var- 
iation in kilowatt loading, This 
method uses an induction-type direc- 
tional relay for single-phase indica- 
tion, with adjustment from 3,3 


INumbered references are listed at the end of this publication. 


amperes (66 percent) lagging to 1.6 
amperes (32 percent) leading, with a 
band width adjustable from 2,5 to 0,7 
amperes (50 to 14 percent), Kilovar 
controlis rarely used, due to its cost, 


4, Power-factor -- similar to a kilovar 
element in that it is usually an induc- 
tion-type directional relay, A de- 
sensitizing control is required for 
this method to prevent hunting at 
light loads, This is due to the possi- 
bility of the band width being less than 
the change in signal caused by switch- 
ing the capacitor, Power-factor 
controlis rarely used, due to its cost, 


9, Time-switching -- a simple device 
to switch capacitors at some pre- 
determined time and usable only 
where the load characteristics are 
reasonably constant, 


Switched capacitor installations may not 
be economically feasible except where 
larger loads permit the use of capacitors 
of 150-kvar rating or larger. 


D, PROTECTIVE EQUIPMENT4 


Power circuits can remain in operation 
with part or all of a capacitor bank out 
of service, In the event of capacitor 
failure, it is desirable to isolate the 
‘failure from the power system and mini- 
mize the damage, with no interruption 
in service, The emphasis, therefore, is 
upon protection for the circuit instead of 
the capacitor, 


1, Fuses 


Fuse protection is necessary for each 
shunt capacitor installation mainly to 
disconnect a faulted capacitor from the 
line before the capacitor causes other 
current protective devices to operate, 
The fuse protection chosen must be co- 


ordinated with any line sectionalizing — 


devices for the feeder being considered, 
The fuse must perform its function be- 
fore the capacitor case bursts, in order 
to prevent personal injury or damage to 
adjacent equipment, Shunt capacitors 


are designed to operate satisfactorily at 
135 percent of rated kilovars, This 35 
percent of excess above nominal rating 
is to allow for kilovars due to excess 
voltage above nameplate fundamental 
frequency voltage; kilovars due to har- 
monic voltages in addition to the funda- 
mental frequency voltage; and kilovars 
in excess of the nameplate kilovars due 
to manufacturing tolerances, Therefore 
the current protection device must have 
anominal rating of more than 135 percent 
of the capacitor line current, 


In general, the link should melt in 300 
seconds at 150-300 percent rated current, 
Fuses for small capacitors should have 
at least a 5-ampere rating, to minimize 
the likelihood of fuse failure due to light- 
ning or transient surges, The choice of 
fuse rating for a capacitor installation 
must be based on the fuse time-current 
characteristic, because of the wide 
variation in melting time-current charac- 
teristics between different types and 
makes of fuses, 


2, Lightning Protection, 


Lightning disturbances may cause damage 
to capacitors by bushing flashover or 
breakdown of the insulation between the 
internal elements and the case, Capaci- 
tor units connected line-to-neutral ona 
multi-grounded neutral system provide 
a low-impedance path for lightning surge 
current and some protection against 
overvoltage due to lightning. However, 
lightning damage under certain conditions 
may be incurred in spite of this inherent 
self-protection, 


Lightning arresters are necessary, not 
only for protection of capacitors against 
lightning, but also for protection against 
transient overvoltages caused by switch- 
ing operations, arcing grounds, distur- 
bances caused by other arresters, and 
resonance or near resonance caused by 
motors while starting, 


E, SAFETY PRECAUTIONS 


The same precautions with capacitor 
units are necessary as with other elec- 
trical equipment, when they are taken 


out of servicefor repair or maintenance, 
In addition, a capacitor may retain a 
hazardous charge for an indefinite time 
after being disconnected, Generally dis- 
charge resistors are built into each 
capacitor unit which will reduce the 
terminal voltage of a unit to 50 volts or 
less in one minute, for units rated at 
600 volts or less, and in five minutes for 
units rated higher than 600 volts, 


It is not good practice to rely on these 
resistors to reduce terminal voltage of 
capacitors to a safe value when discon- 
nected from line, After several minutes 
have elapsed during which time the dis- 
charge resistors should have reduced the 
capacitor terminal voltage practically to 
zero, the terminals should be simultan- 
eouSly short-circuited and connected to 
ground, leaving such connections intact 
until work on the installation is completed. 
When the capacitors are removed from 
their racks, the terminals should be 
short-circuited and connected to their 
cases, due to their tendency to accumu- 
late a residual charge if not short- 
circuited, The condition of the ground 
connection shouldbe checked before work 
is done on the equipment, 


F, EFFECT ON SYSTEM 
PERFORMANCE 


The energy loss® in a capacitor is very 
small, not exceeding 3.3 watts per 
kilovolt-ampere at rated voltage and 
frequency, Expressed in efficiency, this 
amounts to 99.67 percent, Capacitors 
energized at rated voltage always operate 
at full load; therefore system load cycles 
have no effect on the losses of capacitors 
operating at rated voltage. 


1, Line Voltage. 
The percent voltage rise in a line, due 


to a capacitor installation, is given as 


ckva x X xd 


10 kv2 


where the symbols are as follows: 


d = length of line, circuit-miles 


ckva = total capacitor kva (single-phase 
and 3-phase lines) 
= 1/2 total capacitor kva (V-phase 
line) 


X = reactance, ohms per circuit-mile 
(single-phase and 3-phase lines) 

= 1/2 single-phase reactance, ohms 
per circuit-mile (V-phase lines) 


kv = line-to-ground kilovolts (single- 
phase and V-phase lines) 
= line-to-line kilovolts 
line) 


(3-phase 


Values of impedance for lines with multi- 
grounded neutral wire are given in refer- 
ence 6, Figure 7 indicates percent vol- 
tage rise per mile on single-phase and 
three-phase lines, 


2, Substation Transformer Voltage, 


The percent voltage rise in a substation 
transformer bank at full load, due toa 
capacitor installation, is given by the 
following: 


ckva x Z 
tkva 


where Z = percent transformer impedance 
tkva =transformer kva rating 


Illustrations of the use of the above equa- 
tions are given in section MI of this 
manual, 


Actually the reactance component of the 
transformer impedance determines the 
rise; however, the impedance of most 
substation transformers is practically 
equal to the reactance, The percent 
impedance given on the transformer 
nameplate can be used without appreciable 
error, 


After capacitors are installed, the vol- 
tage rise in the substation transformers, 
which is a fixed rise, is added to the 
voltage on the load side of the transfor- 


mers, When there are no regulators 
installed at the substation, the voltage 
rise in the substation transformers 


FIGURE 7 
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would be added to the rise in the distri- 
bution line to determine the total effect 
on the voltage in the distribution line, 
The voltage rise in a regulated substation 
is neutralized, if within the operating 
range of the regulators; if the regulator 
input voltage is such that it forces the 
regulator to either the upper or lower 
limits, the voltage rise within the sub- 
Station transformers would appear on 
the distribution line, 


The voltage rise in the distribution line 
or substation transformers, due to capa- 
citors connected in the system, is not 
dependent on the load, The benefits 
from this rise on a typical distribution 
System are usually less important than 
those from the reduction in system 
energy lossesand the release of kilovolt- 
ampere capacity for additional useful 
load, 


3, Transmission Line and Other Substa- 
tion Voltages, 


In addition to the rise in feeder voltage 
due to a capacitor installation, the trans- 
mission circuit, as well as other sub- 
station transformers between the genera- 
ting station and the capacitor location, 
will undergo a voltage rise. Since the 
electrical characteristics of these parts 
of the system vary so widely with con- 
struction practices among power sup- 
pliers, their voltage rise cannot be 
readily reduced to chart form, 


4, Increase in Substation Capacity 
Since anincrease in power factor reduces 
the current drawn by a given kilowatt 
load, a capacitor installation reduces 
the kva demand, The decrease in load 
demand due to a capacitor installation 
corresponds to released substation capa- 
city. This released capacity is of par- 
ticular value when the substation load 
approaches the substation capability. 
Also, capacitors may relieve an existing 
overloaded condition, The equation for 
substation capacity released by the in- 
stallation of capacitors is as follows: 


11 








= Saher 

3 ckvar .. _ckvar¢ D) 
T =tkval sino-1)+{/ teva ©°8 ° 

where T = released substation kva 
ckvar = capacitor kva 
tkva = substation kva rating 

@ = original power factor angle 

Figure 8 shows the percent substation 


capacity released for ratios of capacitor 
kilovars to substation rating at various 
power factors, The solid curves indicate 
original peak power factors; the dotted 
indicate power factors after 


curves 
capacitors have been installed. To 
illustrate the use of the chart, it is 


assumed that a system with a peak power 
factor of 0,90 has a load factor such that 
capacitors with total kilovar rating equal 
to 20 percent of the substation rating can 
be installed, Réading vertically from 
the bottom of the graph at 20 to the 
original system power factor (0,90) at 
peak, the percent substation capacity 
released is shown on the left. This is 
indicated as seven percent, The power 
factor now existing at peak load coincides 
with the intersection of the 20-percent 


‘line and the original power factor line; 


it can be determined by use of the dotted 
curves, In this example the peak power 
factor after the capacitors have been 
installed is 0,97, 


G. LIMITATIONS 
1, Harmonics 


In determining the actual operating 
kilovars of capacitors the product of line 
voltage and current measured by com- 
mercial instruments may not indicate the 
actual operating kilovars, This is due to 
the deviation of the voltage from a Sine 
wave, In order to determine the actual 
kilovars at which the capacitor is opera- 
ting it would be necessary to calculate 
the kilovars separately for each harmonic 
and add these values to obtain the total. 


The harmonics most often present are 
the third and fifth. When the operating 
voltage is 105 percent and the third har- 
monic is present, the total current may 
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reach 145 percent of normal before the 
135 percent thermal limit of a capacitor 
is exceeded, When the fifth harmonic is 
present the total current may reach 160 
percent of normal before the 135 percent 
thermal limit is exceeded, 


It is seldom that harmonic currents 
interfere withthe use of shunt capacitors, 
Generally their possible presence is 
ignored, the capacitors are installed 
where needed, and corrective steps are 
taken only if trouble occurs, 


Where the wave form is known to be bad 
particular attention must be given to 
(1) the location of the capacitor units on 
the system and (2) the size of the 
installation for a given location, When 
a capacitor installation becomes over- 
loaded by harmonic currents the over- 
load can be reduced by changing the size 
of the installation or relocating the 
capacitors to add impedance to the flow 
of harmonic currents, 


Occasionally shunt capacitors provide 
low-impedance paths to voltages from 
phase wire to neutral that exist on the 
system, This increases the flow of har- 
monic currents, with possible interfer- 
ence on communication circuits in the 
vicinity, The degree of interference 
depends on the source of the harmonics, 


If the source is an over-excited distri- 
bution transformer at which a capacitor 
is installed, the capacitor would act to 
absorb the harmonic currents, reducing 
their flow into the line. If the source is 
at the substation, the capacitors would 
draw harmonic current through the line, 
In the latter case, resonance with line 
and transformer reactance--or an 
approach to resonance --may occur at 
times, especially with large concentrated 
loads, This condition may occur at fre- 
quencies as low as the third and fifth 
harmonics; it is not necessarily limited 
to the upper harmonics, 


In 3-phase feeders, balancing capacitor 
kilovars among the phases reduces non- 
triple harmonic currents (fifth, seventh, 
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eleventh, thirteenth, and higher) in the 
neutral; it does not reduce odd-triple 
harmonic currents (third, ninth, fifteenth 
and higher), In joint-use lines, harmonic 
currents in the neutral, as well as in the 
ground, will cause interference, At 
roadway and wider separations, itis 
principally the harmonic currents in the 
ground that produce noise, The currents 
flow into the ground from the neutral via 
the neutral ground connections, 


In addition to changing size or location of 
capacitors to eliminate interference 
problems, the following remedial meas- 
ures are listed: 


a. Install gaps between the neutral con- 
nection of 3-phase capacitor banks 
and ground to reduce the flow of 
neutral and ground return currents, 

b, Install wave traps or filters to block 


residual harmonic currents, 


c. Apply thenecessary corrective meas- 
ures to the communication circuits 
involved to minimize their suscepti- 
bility to inductive interference, 


2, Effect on System Stability 


Shunt capacitors, especially when applied 
on rural distribution systems, seldom 
affect system stability, System stability 
is of direct concern to distribution sys- 
tem operators only when they operate 
generating plants, Capacitors reduce 
the excitation required on the system 
generators, which in turn lowers the 
Stability margin. This may occur in a 
period of light load where large numbers 
of capacitors have been added to the 
system, The operation of machines up 
to 95-98 percent lagging power factor 
usually does not result in serious insta- 
bility, although under some conditions a 
lower power factor may be necessary 
for stable operation, 


When shunt capacitors disclose a stabili- 
ty problem, other problems such as high 
voltage on station buses or circuits 
usually will be present, The solving of 


these other problems willusually correct 
the stability problem, 


H. INCREASE IN REVENUE 


1, Feeder Voltage 

An increase inkilowatt-hour revenue can 
be expected with an increase in voltage 
atthe consumer's premises, The wattage 
requirement of a gas-filled incandescent 
lamp varies approximately as the three- 
halves power of the voltage, A rise in 
feeder voltage would cause no increase 
in the energy consumption by automatic 
equipment, and very little by motors as 
these loads are self-regulating in their 
energy requirements, A consumer with 
a 100-percent lighting load would exper- 
ience a much greater increase in energy 
consumption than would a consumer 
having a load consisting largely of 
motors and automatically controlled 
resistance loads, To calculate the dif- 
ference in energy consumption resulting 
from different voltages at the consumer's 
premises, a reasonably accurate knowl- 
edge of the energy requirements of the 
lighting, motor and resistance loads 
would be necessary 


To estimate the increase in revenue due 
to an increase in voltage on the feeder, 
the average voltage rise must be used. 
This is done by determining the voltage 
rise for the feeder by sections, multi- 
plying by the consumers in the respective 
sections, and dividing the total of these 
products by the total number of consum- 
ers on the feeder, 


2, Annual Savings in Energy Losses 


Figures 9, 10 and 11 are loss charts that 
can be used to determine the losses 
caused by the reactive component of the 
load and the annual savings resulting 
from the reduction of this part of the 
load due to the installation of capacitors, 
Toeffect the greatest reduction in energy, 
the capacitor installation should be loca- 
ted at the reactive load center of the 
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distributed load, This is generally co- 
incident with the kilowatt load center and 
isfrom one-half totwo-thirds of the total 
length of the feeder from the substation, 


To use one of the loss charts a horizontal 
projection is made from the kilovar 
(right hand) scale to the load factor line, 
From this intersection a vertical projec- 
tion is made to the appropriate conductor 
line, at which point the annual energy 
loss per mile is indicated on the left hand 
scale, Projecting to the right from this 
point to the appropriate loss energy cost 
line, a point is determined where the 
monetary loss per year can be read on 
the bottom scale, 


To illustrate the use of these charts, 
assume a demand of 130 kvar, at a load 
factor of 0.60, on a single-phase No, 6 
line, On figure 9 the annual energy loss 
is indicated as 2,750 kwh; at a cost of 
1,2cents per kilowatt-hour, the monetary 
loss is $33, 00 per year, 


Correct results will not be obtained by 
use of the loss charts, if the power factor 
becomes leading, If the size of the capa- 
citor instaliation is equal to the light- 
load kilovar demand, the line loss due 
to the light-load kilovar load is not 
thereby reduced to zero, but to a small 
percentage of the value without capacitors, 


To determine the load center ot a dis- 
tributed load either of the two following 
methods may be employed: 


(a) Multiply the kilovolt-ampere value 
of the individual loads on the feeder 
by their respective distances from 
the substation, find the total of these 
products and divide by the total 
kilovolt-ampere load on the feeder 
(this method is illustrated in section 
IV), or 

(b) Locate the point on the feeder where 

the current is one-half the total cur- 

rent into the feeder at the sending 
end, 


FIGURE 9 
SINGLE-PHASE CONDUCTOR IR LOSS DUE TO REACTIVE COMPONENT 
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FIGURE 10 


'v' PHASE CONDUCTOR 1I®R LOSS DUE TO REACTIVE COMPONENT 


7.2/2.5 KV SYSTEM WITH MULTIGROUNDED NEUTRAL 
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3. Savings in Power Factor Penalties, 


Twotypes of power factor penalty clauses 
are generally used by power suppliers, 
One type of clause exists where the billed 
demand is equal to the measured peak 
demand multiplied by the ratio of a 
specified power factor, usually 0,85, to 
the measured power factor at the meas- 
ured peak demand, Some contracts 
allow no credit for power factors above 
0.85 by exercising this clause only if the 
peak power factor is below 0,85, Other 
contracts allow the use of the clause 
both ways, to provide a reduction in the 
demand charge for higher power factor, 
Where credit for good power factor can 
be claimed, the power factor can be 
computed and the savings in energy cost 
due to a capacitor installation estimated 
by computing the reactive cos.ponent of 
demand at peak load, subtracting the 
kilovolt-ampere rating of the capacitor 
installation, and computing the new 
power factor, The reactive component 
can be computed by the use of table I, 
By using the same kilowatt demand 
figure in each case, the new kilovolt- 
amperes can be calculated, 


The above type of power factor penalty 
clause has usually caused little concern 
because the characteristics of the rural 
load (often 0,90 to 0.95 power factor at 
peak) do not often result in penalties and, 
as Shown, may provide benefits in some 
instances, 


To illustrate the use of table I, a peak 
demand of 1,250 kilovolt-amperes is 
assumed, at a power factor of 0.80, 
The power factor angle for this power 
factor is 37 degrees; column B indicates 
sin 9 as 0,60. The components of the 
peak demand are as follows: 


In-phase component 
1,250 X 0.80 = 1,000 kw. 


Reactive component 
1,250 X 0.60 = 750 kvar, 


If capacitors totaling 200 kvar were in- 
Stalled, the remaining reactive load 
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would be 750 kvar minus 200 kvar or 550 
kvar, Tangent of 9, the power factor 
angle, would then be 550/1,000 or 0.55. 
Referring to columns A and C in table I, 
this value would correspond to a new 
power factor of 0,875, In this case 
interpolation is necessary, 


The second type of power factor penalty 
clause is peculiar to at least one power 
supplier and its subsidiaries, This is 
based upon the average power factor, 
which is derived from the readings of a 
kilowatt-hour meter and a kilovar-hour 
meter, Dividing kilovar-hours by 
kilowatt-hours gives the tangent of the 
average power factor angle, The cor- 
responding cosine of the angle, or 
power factor, can be found by reference 
to table I, The average power factor 
thus determined is a mathematical 
concept and indicates neither the maxi- 
mum nor the minimum power factor 
encountered, It cannot be used to deter- 
mine the amount of power factor correc- 
tion required, 


Since the kilovar load on the rural 
system at the minimum load point is a 
24-hour load, the installation of capaci- 
tors for this minimum load can effect a 
substantial reduction in demand charges, 


Table I 


Power Factor Table 


POWER FACTOR 
ANGLE (@) 
(TO NEAREST DEGREE) 


To compute the new power factor, mul- 
tiply the kilovar rating of the capacitor 
installation by 730, the number of hours 
in a month, and subtract the product from 
the original kilovar-hour meter reading, 
Tlie new power factor is then computed 
in the Same manner as before, The 
demand penalty is usually stated in the 
Same manner as in the first case, but 
Since this clause is applicable whether 
the power factor is higher or lower than 
that specified in the penalty clause, 
appreciable savings are possible in 
demand charges. Rural systems with 
peak power factors of 0,90 show these 
average values from 0.75 to 0.80, which 
results in high energy costs where this 
type of power factor clause is in effect, 
This average power factor should not be 
used to estimate the size of capacitor 
installations and should not be confused 
with power factor at peak or at any other 
Specified point on the load curve of the 
system, It merely involves the total 
kilovar-hours delivered by the supplier 
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during a specified period of time, 
measured in the same manner as the 
kilowatt-hours delivered during the same 
period, 


To illustrate the use of table I in com- 
puting average power factor, it is 
assumed that, before installation of 
capacitors, readings of 410,000 kilowatt- 
hours and 341,000 kilovar-hours were 
obtained. Tangent of 8 would be equal 
to 341,000/410,000 or 0,83. Column A 
of table I indicates the corresponding 
average power factor as 0,77. If 200 
kilovars of capacitors were installed, 
the decrease in kilovar-hours per month 
would be 730 X 200 or 146,000 kilovar- 
hours, The kilovar-hours recorded 
would then be 341,000 minus 146,000 or 
195,000 kilovar-hours, Tangent of 90, 
the new power factor angle, would be 
195 ,000/410,000 or 0,48, Again refer- 
ring to column A of table I, the cor- 
responding average power factor is 
indicated as 0,90, 


fil EXAMPLE OF CAPACITOR INSTALLATION 


A, ASSUMED ORIGINAL CONDITIONS 


The effect of reactive load factor is 
illustrated in the following example. A 
system has a main substation rated at 
1,500 kva, Its peak demand was origi- 
nally computed at 1,482 kva which was 
three times the kilovolt-amperes per 
main feeder; three such feeders carry 
the load from the substation, The sub- 
station is assumed to be equipped with 
voltage regulators, 


A 200-kwh consumption per consumer 
per month at a peak load power factor of 
0.90:was used as the basis for design of 
substation and conductors, At present 
the energy consumption is 225 kwh per 
month per consumer ata peak load power 
factor of 0,85, Figure 12 shows one of 
the 3-phase feeders; the other two are 
Similar, Table II indicates the design 
load on various sections of the feeder 
being considered, including the load on 
one Single-phase branch to the end, 





B7 C7 


Notes: 


[0.64] Percent Voltage Drop 


Miles to Substation 


E SECTION 


Table III indicates the increased load 
and the resulting overload on the substa- 
tion from this feeder. The peak load on 
the feeder is now 485 kw or 571 kva; this 
results in a substation peak load of 1455 
kw or 1713 kva, The increased voltage 
drop is also indicated, A similar over- 
load on the other two feeders iSassumed, 
At present the power factor at minimum 
load is assumed to be 0.70 and the re- 
active load factor, 0.70. The minimum 
kilowatt demand is assumed to be one- 
fifth the peak kilowatt demand, Since 
kilowatts and kilovars are equal at mini- 
mum load, the minimum reactive load 
is one-fifth the peak kilowatt demand, 
This relation is used to determine the 
capacitor kilovar installation, 


B, CAPACITOR LOCATION 


Since the minimum kilovar demand is all 
that can be satisfactorily corrected by 
unswitched capacitors, a 15-kvar 
capacitor would be installed, Table II 


AlO 







Load Center 
Sap 





Monthly Energy Consumption, 200 Kwh Per Consumer 


Figure 12, Circuit diagram for voltage drop calculation 
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Table III 


Voltage Drop Calculation 
Monthly Energy Consumption, 225 kwh Per Consumer 
Power Factor 0, 85 


EQUIVALENT 
CONSUMERS 


SECTION 


indicates the minimum load at this point, 
The kilovar load center is found to be 
15.8 miles from the substation, as 
indicated in Table IV. This distance is 
based on the assumption that all consum- 
ers impose equal loads on the system, 
In an actual case the total of transformer 
ratings in each section may be used, 
Weightingis necessaryto properly relate 
the effects of this capacitor to those of 
the capacitors on the other two phases of 
this feeder. 


The location of the capacitor at the load 
center. of the phase under consideration 
affords the maximum reduction in feeder 
loss, Location at a greater distance 
from the substation, even at the end of 
the single-phase branch, would result in 
a greater voltage rise, However, 
greater improvement in voltage correc- 
tion would be attained at a higher feeder 
loss, For the sake of brevity this illus- 
tration deals only with a capacitor on one 
phase, It is assumed thatthe total feeder 
load is balanced on the three phases and 
that each of the other two single phases 
beyond A6 B6 C6 requires a 15-kvar 
capacitor located by the same method, 


C, EFFECT ON VOLTAGE 


Line voltage rise from substation to 
capacitor would be 


the 
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VOLTAGE 
DROP, 
PERCENT 


SECTION 
LENGTH, 


90 X 1,49 


A1B1C1-A2B2C2:- 10 X (12.47)2 = 0,09% 
A2B2C2-A3B3C3:- 0,09 
A3B3C3-A4B4C4:- 0.09 
2» 49 Xe2e39 
A4B4C4-A5B5C5:- 10 X (12.47)2 ~ 0,07 
A5B5C5-A6B6C6:- 0.07 
15 X 5.06 a 
A6B6C6-A9: - 10 X (7.2)3 = 0,15 
Total, A1B1C1 - A9 0.56% 


At an assumed transformer impedance of 
seven percent and a total of 270 kvar of 
capacitors, the percent voltage rise in 
the substation transformers would be 


270 


<a ee 


1,500 
In the event that there were no voltage 
regulators at the substation, the total 
voltage risefrom substation transformer 
primary windings to the capacitor loca- 
tion would be the sum of the rise in the 
transformers plus that in the feeder from 
substation to capacitor, This rise would 
be 1.82 percent. Tables If and Il 
indicate that the 25-kwh increase in load 
per consumer per month, together with 
a decline in power factor, increased the 
voltage drop to the end of the line by 
1,25 percent, The capacitors on the 
system decreased the voltage drop to the 


X 7,0 =1,26% 


Table IV 


Location of Load Center 
D Section 


MILES FROM 


PRODUCT 
SUBSTATION 


Section AIB1C1-A4B4C4 (One half 
of total load is assumed to 
be on this section.) 


i) 
onrnaon 
oe ° 
aun on 


Nee ee 
m CO WN oun nN & Whe 
e ® 
on on 
= 
nN 
; 
-j 


A1B1C1-A2B2C2 38 
At A2B2C2 40.0 
A2B2C2 -A3B3C3 22D 
At A3B3C3 30.0 
A3B3C3-A4B4C4 40.0 
Total 50.5 140.0 
Single-phase equivalent 16.8 
Section A4B4C4-A6B6C6 
A4B4C4-A5B5C5 16 120.0 
At ASB5C5 20 180.0 
A5B5C5 -A6B6C6 16 168.0 
Total 468.0 
Single-phase equivalent Wied 156.0 


Section A6B6C6-Al1l1 


A6B6C6-A10 20 300.0 
At A10 37 666.0 
A10-All1 33 792.0 


Total ‘ 1758.0 


Computation of load center 


A1B1C1-A4B4C4 16.8 46.7 
A4B4C4 -A6B6C6 iors 156.0 
A6B6C6-A11 90.0 1758.0 

Total 124.1 1960.7 


Distance from substation to load center 1960.7/124.1 = 15.8 mi. 
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end of the line to a value less than the 
design value, 


Since the capacitor location at AQ is the 
load center, the average voltage rise on 
this particular feeder is equal to the 
above value of 0.56 percent, Therefore 
the average voltage rise in the feeder, 
including the rise in substation trans- 
formers, if there were no substation 
regulators, would be 1,82 percent, 


D, ECONOMIC CONSIDERATIONS 
1, Energy Saving in Line Losses, 


Table V indicates energy losses for 
design and present loads, Subtracting 
line loss due to reactive kilovar load, 
with the 15-kvar capacitor installed, 
from line loss without the capacitor, it 
is seen that the capacitor effects a saving 
of 2722 kwh per year, At an energy cost 
of one cent per kilowatt-hour, this would 
amount to $27, 22, 


2, Substation Capacity Released, 

With a total of 270 kvar of capacitors 
installed at 18 locations on the three 
feedersfrom the substation, the released 
substation capacity is determined from 
figure 8, With the ratio of 270 to 1,500 
or 0,18, and the present power factor 
of 0.85 without capacitors, the released 
substation capacity is indicated as8-1/3 
percent, which is equal to 125 kva, Since 
tables II and III indicate a decrease of 
126 kva in substation load, this value 
willbe allowedin subsequent calculations, 


In order to determine the value per 
kilovolt-ampere of released substation 
capacity, it is necessary to know the 
conditions applicable to an individual 
power system, Some factors involved 
in anestimate of the value of the released 
kilovolt-amperes are the following: 


(a) Original cost and present value of 
the substation equipment that would 
need to be replaced, if capacitors 
were not used, 
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(b) Cost of new equipment to provide the 
above additional substation capacity, 


(c) Future date when additional substation 


load capacity would be necessary, 
due to continued load growth. 


For calculating approximate savings, it 
is assumed that the released substation 
capacity is worth $20 per kva and that 
the annual rate of capitalization is four 
percent, The 270 kva of capacitors 
would result in an annual saving of 
126 X $20 X 0,04 = 100,80, The amount 
to be ascribed to each of the 18 capaci- 
tors per year would be $5, 60. 


3, Increase in Energy Consumption, 


Table VI indicates the effect of increased 
voltage on annual energy consumption 
for three types of loads, The figure 
shows estimated increase in energy con- 
sumption with and without substation 
voltage regulators, The annual energy 
consumption by the 108 consumers affec- 
ted by the 15-kvar capacitor is assumed 
tobe 12 X 108 X 225 or 291,600 kwh. 
A base voltage of 120 volts is assumed 
to have existed at the beginning of the 
feeder, prior to capacitor installation; 
the average voltage on the feeder at that 
time was 117 volts. 


The increase in energy consumption 
would be reflected in a slightly higher 
net return from the power system. 
However, it is difficultto assign a mone- 
tary value per kilowatthour to determine 
the actual net return, ; 


4, Saving in Demand Charge, 


As previously discussed, any saving in 
demand charge by the power supplier 
depends on the contract in effect. The 
following illustration is for the average 
power factor type of contract, which is 
based on hours use of maximum demand 
as follows: 


First 200 hr use maximum kva at $.01 
per kilowatt-hour, 


Table VI 


Increase in Annual Energy Consumption on Feeder 
with 15-kvar Capacitor Installation 







LOAD 


RESISTANCE LIGHTS 


UNREGULATED BUS 1.9% 
VOLTAGE INCREASE 


REGULATED. BUS 0.5% 
VOLTAGE INCREASE 










MOTORS 












--- 2,330 kwh 8,750 kwh 
41% 870 kwh 3,780 kwh 
40% 580 kwh 2,620 kwh 






Next 100 hr use maximum kva at $,0075 5, Recapitulation. 
per kilowatt-hour, 


The cost of a 15-kvar capacitor installa- 
tion on an existing single-phase line pole 
is approximately $175. If it is assumed 
that the above power contract applies, 
the savings to be ascribed toa 15-kvar 


Excess over 300 hr use maximum kva 
at $.005 per kilowatt-hour, 


Prior to installation of capacitors onthe —., )acitor installation would be as follows: 
system, with maximum demand of 1713 

kva on Substation and a monthly energy Line-losses $27, 22 
consumption of 3 X 648 X 225 = 437,400 Released cubetation capacity... 5.60 
kwh, the monthly charge would have been Demand charge AL ae8 
as follows: Total. @ aoeue ase ede EO AauES 


200 X 1,713 =342,600at$.01 =$3426.00 These savings would pay for the capaci- 

94,800 at $.0075 = 711.00 tor in less than three years, 

437,400 $4136.00 

If no saving in demand charge is effected 
by a capacitor installation, the Savings 
in line losses and released substation 
capacity would pay for the capacitors 
in approximately five years, 


After installation of 270 kvar of capaci- 
tors on the system, when the peak load 
on the substation has been reduced to 
1,587 kva, the monthly charge is as 


follows: It is to be noted that this illustration 
involves the most expensive type of 

200 X 1,587=317,400at$.01 =$3174,00 cae installation, The cost per kvar 
120,000at$.0075 = 900.00 of a 15-kvar unit is approximately 30 

"a7. d00 $4074.00 percent more than a 25-kvar unit. 

4 Exclusive of cost of capacitor units, the 

cost of a single-phase capacitor installa- 
The saving per year that could be tion is no greater for a 25-kvar capaci- 
ascribed to any one of the 18 15-kvar tor, or larger, than it would be for a 


capacitors would be 15-kvar capacitor, Therefore, the total 
installed cost per kvar becomes con- 
(4,136 - 4,074) X 12 _ $41. 33 siderably less as the amount of capacitor 


kilovars increases, 
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APPENDIX 


INSTALLATION OF CAPACITORS TO CORRECT FOR INDUCTION MOTOR LOADS 


Capacitors installed on the primary cir- 
cuit by the cooperative are in Some cases 
limited to those required for the cor- 
rection of the power factor of the system 
without considering the requirements of 
large inductive loads. 


If capacitors are installedon the primary 
line specifically to correct for large 
inductive loads, switched capacitors will 
be necessary and the cost per kilovar 
will be somewhat higher. The power 
factor clause in these consumers' con- 
tracts should be designed and enforced 
to take into consideration the cost of 
kilovars supplied, 


Secondary capacitors are available for 
installation at the motor at costs which 
compare favorably with primary units. 
In addition, the benefits of the capacitor 
at the motor in decreasing starting and 
running current and the attendant losses 
are extended to the secondary and 
service wiring, as well as the supply 
transformer and the balance of the dis- 
tribution system, 


The motor starter is used to switch the 
capacitor which is wired directly to the 
large motor, The resulting load then 
behaves like a high power factor load on 
the system, 


Certain limitations on the size of capa- 
citor installations for various motor 
sizes and rotational speeds must be im- 
posed to avoid the possibility of self- 
excitation of. the motor with its attendant 
problems, The maximum size of capaci- 
tor which can be used on an induction 
motor iS one which is not large enough 
to supply the magnetization current of 
the motor at any point on its starting and 
running curve, [If this limitation is 
exceeded, the motor may run at a sub- 
synchronous speed and draw excessive 
current which may damage the windings, 
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If the supply switch is opened momen- 
tarily, the motor will operate as an 
induction generator while it is coasting. 
Reconnection of the motor to the supply 
will have the same effect as closing the 
main switch on a generator whichis not 
synchronized to the supply line, 


At the instant the motor is disconnected 
from the supply line, a circuit consisting 
of the inductance of the motor windings 
in parallel with a capacitor is set up, 
Resonance may occur at some point on 
the motor speed curve as it Slows down, 
If this resonance occurs, a voltage will 
be built up on the windings which will be 
limited only by the "Q" of the tuned cir- 
cuit, The damping effect of the line 
résistance will no longer limit this volt- 
age and the motor insulation may be 
punctured, 


Table VII is a listing of the maximum 
permissible capacitor rating which can 
be used with various motors so that no 
self excitation voltages will be produced. 
These values do not necessarily corres- 
pond to standard capacitor ratings and in 
these cases the next lower rating should 
be used. 


When capacitors are connected to motor 
terminals, the current flowing in the 
supply circuit is reduced. When the 
capacitors are connected on the motor 
side of the overload protective device, 
this device will no longer give adequate 
protection if it has been selected on the 
basis of the uncorrected full load current, 
The relay or circuit breaker should then 
be adjusted or a new fuse rating should 
be selected to operate at a lower current 
consistent with the reduced line current, 


One kilovar of secondary capacitor at the 
load is equivalent to approximately 1, 04 
kilovar of primary capacitors from the 
standpoint of reduction of losses in the 


transformer and on the service side of so widely, the secondary capacitor which 


the installation, With this type of capa- is switched with the load is a practical 
citor application where the load varies and economical solution, 
8 
Table VII 


Recommended Maximum Capacitor Rating when Capacitor 
and Motor are Switched as a Unit 


INDUCTION | 3600 RPM 1800 RPM 
MOTOR 


1200 RPM 






10 12 
15 1 
20 in 
25 10 
30 10 
40 10 
50 9 
60 9 
15 8 
100 8 
125 8 
150 8 
200 8 





INDUCTION 900 RPM 720 RPM 600 RPM 


MOTOR 





10 28 
15 26 
20 24 
25 7) 
30 21 
40 19 
50 17 
60 16 
15 15 
100 14 
125 13 
150 13 
200 12 


When manual reduced-voltage autotransformer type starter is used, motor and load characteristics mist be con- 
sidered, in order to keep mechanical torque in shaft and coupling below six times normal. 


Ckva is rated kva of capacitor connected at motor terminals. 


Percent AR is percent reduction in line current due to capacitor and is helpful for selecting the proper motor 
overload setting when overload device carries sum of motor and capacitor currents. 
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